Gasi fi ca tion could play an im por tant role in the treat ment of mu nic i pal solid wastes. How ever, some prob lems may arise when us ing un sorted ma te ri als due to the dif fi cul ties of ob tain ing a feed with con sis tent phys i cal char ac ter is tics and chem i cal prop er ties. To over come this prob lem, a new type of gasifier con sist ing of three stages, namely a pyrolytic stage fol lowed by gasi fi ca tion and a re form ing stage, was con sid ered. The o ret i cal cal cu la tions made on the pro posed gasi fi ca tion scheme shows better per for mance than a pre vi ously stud ied two-stage gasifier because of its abil ity of reach ing the same fi nal tem per a ture of the syngas with a lower ox y gen in jec tion and a better ox y gen par ti tion ra tio be tween the stages. The reduced amount of ox y gen al lows to ob tain an im proved syngas qual ity with higher re turn in the fi nal prod ucts, such as hy dro gen, elec tric ity and so on.
In tro duc tion
The gasi fi ca tion could play an im por tant role in the treat ment of mu nic i pal solid wastes (MSW). How ever, un sorted MSW is not suit able for gasi fi ca tion tech nol o gies be cause of its vary ing com po si tion and size of some of the con stit u ent ma te ri als, fur ther more, an increase of the dry/wet ra tio to val ues higher than those nor mally avail able from MSW is re quired. All these ob jec tives are usu ally ob tained by the pro duc tion of re fuse de rived fuel (RDF) or by a sep a rate waste col lec tion, while the in crease of the dry/wet ra tio can be ob tained by mix ing MSW with high heat ing value ma te ri als like no-haz ard ous in dus trial waste (NHIW). This so lution, al though, en cour aged in some coun tries be cause the re duc tion of the en vi ron men tal damage caused by the stor age of NHIW do not solve the prob lem of heav ing a ho mo ge neous blend with con stant char ac ter is tics for feed ing the gasifier. To over come this prob lem, a new type of gasifier, con sist ing of three stages was con sid ered. Aim of this pa per is to per form some the o reti cal eval u a tions on the en ergy per for mance of the pro posed gasi fi ca tion sys tem, com par ing the re sults with those ob tained in a two-stage gasifier un der the same con di tions.
Pro cess and plant de scrip tion

Pro cess
In the hy poth e sized pro cess, due to the high het er o ge ne ity of the se lected wastes and the high wa ter con tent of MSW, on av er age of 30%, a pre mix ing and dry step of the blend was con sid ered nec es sary be fore its use as a feedstock in a gasifier.
Af ter wa ter re duc tion to about 7%, the ho mog e nized blend is fed to the gasifier, which con sists of three stages. Stage one is a pyrolytic stage which con verts the charge into char, oil, and vol a tile com pounds and fa cil i tates the re ac tions that take place at stage two where gasi fi cation oc curs pro duc ing a crude syngas. At this stage an ad di tion of CaO and Na 2 CO 3 have to be con sid ered for re duc ing the con tents of chlo rine and sul phur in syngas down to ac cept able limits.
The raw syngas, which still con tains a large amount of light and heavy hy dro car bons, reaches stage three where the gasi fi ca tion re ac tions are com pleted and re form ing oc curs, at this stage the raw syngas is turned into a high qual ity syngas [1] [2] [3] nec es sary if its fi nal des ti na tion is a chem i cal ap pli ca tion (meth a nol for in stance). Both the ex cess of syngas and the by-prod uct of the trans for ma tion pro cess can be used for elec tric power gen er a tion. Figure 1 shows the scheme of a hy po thet i cal gasi fi ca tion plant. A real plant may dif fer from that to fit the lo cal sit u a tion. The plant con sists of four main sec tions, namely a waste stor age sec tion (not shown), a blend ing wastes sec tion, the three-stage re ac tor, and the de vices for syngas uti li za tion (meth a nol and elec tric power pro duc tion).
Plant
Tak ing into ac count the ben e fits al ready de scribed by Plescia [4] , it was in cluded into the scheme a ball-mill, which ho mog e nizes the wastes blend and can dry it to a wa ter amount of about 7%.
The blend is fed into stage one by an ap pro pri ate tool. Its drop ping-down is set by fins pro trud ing the re frac tory wall. At the bot tom of stage one, the pyrolysed blend is sent into stage two by an ap pro pri ate feeder sys tem. Into this stage the gasi fi ca tion oc curs and a large amount of tar and gas are pro duced. The ashes are col lected on the bot tom. Tar and gases reach stage three where they re act with oxi dis ing blends in a bed con sist ing of gran u lar alu mina. At the top of this stage, a Ni cat a lyst could be nec es sary if a high pro duc tion of hy dro gen is re quired. In this way, the gasifier can turn crude syngas into clean syngas. The con tent of tar is re duced be low the law lim its and the con tent of meth ane is as low as fore seen by the ther mo dy namic anal y sis.
Ther mo dy namic anal y sis
Ther mo dy namic model, its re li abil ity and lim its Sev eral mod els based on a ther mo dy namic ap proach were de vel oped in the past years to sim u late syngas pro duc tion [1, 2, [5] [6] [7] [8] [9] , most of which state a quite good ac cor dance be tween ex per i men tal and cal cu lated re sults. In this pa per for es ti mat ing the com po si tion and tem per ature of syngas one of these mod els, de scribed in de tail in pre vi ous works [1] [2] [3] , was used. As reported in pre vi ous pa pers [2, 3, 10-11], ex per i ments con ducted in a two stage gasifier re ac tor at lab o ra tory scale, shows that the com po si tion of syngas is close to what is ex pected from ther mody nam ics if the fi nal tem per a ture is above 850 °C and this tem per a ture de crease to 800 °C when a re form ing cat a lyst (such as nickel) is pres ent in the last stage. Un der these con di tions, the re actions at the fi nal stage can be con sid ered very fast and pre dic tions made on the ba sis of heat and mass bal ance and ther mo dy namic equi lib rium can be con sid ered re li able. When the fi nal temper a tures are be low 800 °C ther mo dy nam ics is not ad e quate giv ing wrong re sults due to ki netic as pects not con sid ered here. As far as stages two and three, the model takes into ac count the heat and mass bal ance, higher heat ing value (HHV) of the feedstock, and is based on the chem i cal equi lib rium the wa ter-gas shift and re form ing re ac tions. A sys tem of five equa tions re lated to the mass bal ance of C, H, and O and the chem i cal equi lib rium of the re ac tions men tioned above is ob tained. This sys tem is non-lin ear and was solved us ing the con ven tional New ton method. The ther mo dy namic data used for the equi lib rium cal cu la tions are taken from the com pi la tion of Barin et al. [12] . Stage one is treated as a heat-exchanger with an es ti mated ef fi ciency of 90%. In this stage the enthalpy of the syngas al lows the com plete evap o ra tion of wa ter and the par tial pyrol y sis of the charge. The model as sumes that the charge, which has un der gone py rol y sis, reaches stage two, where it re acts with ox y gen or with an ox y gen-steam mix ture. The ob tained prod uct reaches stage three, where there is an ad di tional in jec tion of ox y gen or ox y gen-steam mix ture. Ox y gen is fed at 25 °C while waste and the steam are fed at an ap pro pri ate tem per a ture. The heat loss across the wall of the re ac tor is as sumed, for each stage, to be 10% of the pro duced heat, which is typ i cal for in dus trial re ac tors work ing at sim i lar tem per a tures. It is also as sumed that ashes leave the re ac tor through a grate at the bot tom of stage two at the same tem per a ture of this stage.
In or der to max i mize the pro duc tion of hy dro gen and car bon mon ox ide and mini mise the ox y gen in put, it is also as sumed a re ac tor work ing pres sure equal to 0.1 MPa (1 bar). A higher pres sure re sults in higher meth ane con tent in syngas. This means ad di tional ox y gen for the re form ing of meth ane with a con se quent higher tem per a ture.
Fur ther more, the ra tio be tween the ox y gen in jected in stage two and the to tal in jected ox y gen (OPR, ox y gen par ti tion ra tio) is im por tant [1] , a range be tween 0.36 and 0.60 has ex amined. An OPR lower than 0.36 means a too low tem per a ture of stage two, while a higher OPR leads to a too high fi nal tem per a ture. OPR lower than 0.36 can be reached by means of a fur ther in crease of the to tal ox y gen in jected but the qual ity of syngas is low ered.
The yield of meth a nol is cal cu lated ac cord ing to the ex per i men tal con di tion re ported in ref er ence [13] , namely at about 150 °C and un der a pres sure of 2 MPa. In fact, un der these con di tions, the mod ern cat a lysts are able to reach the yield of meth a nol near the ther mo dy namic pre dic tions [14] .
Com po si tion of waste
The se lected com po si tion of the charge to stage one is that re ported in tab. 1. This compo si tion is com pat i ble with that of a high qual ity MSW [15] or with a blend of in dus trial waste and a low qual ity MSW in both cases with a low amount of mois ture (ca. 7%).
Re sults
The se lec tion of stage three tem per a ture is the most im por tant pa ram e ter for in creas ing the con cen tra tion of CO and H 2 in the syngas with a re sult ing in crease in its qual ity. The higher the con cen tra tion of CO and H 2 , more suc cess ful is its use as raw ma te rial in the produc tion of meth a nol, dimethyl ether, or even elec tric ity.
This means that the tem per a ture of syngas leav ing stage three must be around 800 °C [1] . A lower tem per a ture brings an in crease of the meth ane con cen tra tion, while a higher tem per a ture means a higher con tent of steam and car bon di ox ide. Both phe nom ena in volve a de crease of the con cen tra tion in syngas of the hy dro gen and car bon mon ox ide, with a con se quent de crease of the yields of the fi nal de sired prod ucts.
The need of keep ing con stant the syngas tem per a ture there fore af fects the ef fi ciency of the gasifier and hence all the com par i sons carried out for the eval u a tion of the three-stage gasifier are per formed by keep ing con stant the selected tem per a ture. To ob tain a fi nal tem per a ture of syngas equal to 800 °C, enough for the ther mal needs of the pro cess in clud ing the steam pro duc tion, stage one is pre heated up to 450 °C, while the tem per a ture of stage two is about 550 °C. The fi nal aim is to limit the need of ox y gen and to favour the con se quent in creas ing of the qual ity of syngas.
As above-men tioned, an im por tant pa ram e ter in flu enc ing the qual ity of syngas, at constant tem per a ture, is the OPR. Lower is this pa ram e ter lower is the amount of ox y gen in jected into stage two and lower is the ox i da tion level of the hy dro gen and car bon mon ox ide that reach stage three with con se quent in crease of their con cen tra tion, in the clean syngas. As a draw back, OPR has to be not lower than 0.36, oth er wise the tem per a ture of the fi nal stage could be too low for ob tain ing a suf fi cient re ac tion rate. More over the need of not over com ing 800 °C in or der to ob tain a high-qual ity syngas and the need to main tain a tem per a ture of syngas ad e quate for chem i cal utilisations af ter pre heat ing, con strain the pre heat ing and the con se quent pos si bil ity to fur ther re duce OPR and ox y gen.
Tab le 2 quan ti fies this ef fect show ing an im por tant de crease of the amount of ox y gen nec es sary to reach 800 °C and the con se quent increase in the pro duc tiv ity of meth anol as a func tion of OPR.
As the ta ble shows, the de crease of OPR from 0.60 down to 0.36 involves a de crease of the ox y gen feed ing of about 12% to gether with an in crease of 7.6% in the pro duc tivity of meth a nol and, there fore, without any in crease of the pro duc tion cost. At the same time, such a de crease of OPR in volves a raise of the by-pro duced CO that in turn, can in crease the ca pac ity of pro duc ing elec tric power. Be fore en ter ing in the re ac tor for meth a nol pro duc tion, syngas is cooled to 150 °C giv ing up its ex cess of enthalpy for the pro duc tion of steam. Fig ure 2 shows the de pend ence of the yield of meth a nol, se lected as fi nal prod uct, on the hy dro gen concen tra tion in syngas. This de pendence is jus ti fied con sid er ing that car bon ex ceeds hy dro gen in the waste com po si tion and this has as a con se quence an ex cess of car bon mon ox ide. This ex cess is im por tant in all the ana lysed sit u a tions and may be uti lised; for in stance, to produce elec tric power. In this fig ure, the re gres sion line is cal cu lated by tak ing into ac count the data rel e vant the feed ing of syngas (pure O 2 ) and the mois ture con tent of the waste (7%). It is worth while to re mem ber that the points rel e vant for the com par i sons shown in the fig ure are ob tained at the same op er at ing con di tions (OPR and pre heat ing tem per a ture of stage one) and of course at 800 °C as it re gards the fi nal syngas tem per a ture. As far as the ef fect of drying the waste, fig. 2 in di cates that the dif fer ence be tween a waste dried un til to 10% and the one dried un til to 7% is neg li gi ble, as the point on the line is lo cated at the same ab scissa of the point "10% wa ter". On the con trary the dif fer ence is about 2.5% if the gasifier is fed with a waste not dried (mois ture con tent 40%) as the dif fer ence be tween the point "10% wa ter" and the point "40% wa ter" shows. A com par i son be tween the line at ab scissa 0.025 (kmol per kg of waste), and the point "50% air", shows that the use of the mix ture con tain ing air, low ers the yield of hydro gen and meth a nol of about 4%, con se quently.
Ta ble 2. Ef fect of OPR on ox y gen feed ing and meth a nol pro duc tiv ity
A gas eous feed ing con tain ing an im por tant amount of steam (22.20% of the mass of waste) and ox y gen (0.383 m 3 (STP) per kg of waste) makes the yield of meth a nol less de pend ent on the hy dro gen in syngas. The steam ad di tion, in fact, ren ders the hy dro gen in put close to the car bon in put. As a con se quence, the point rel e vant this sit u a tion is be low the re gres sion line.
Com par i son be tween two-stage gasifier and three-stage gasifier
A com par i son was car ried out in or der to as sess the per for mance of a three-stage re actor with re spect to a two-stage one, from a ther mo dy namic point of view.
In the case of the two-stage re ac tor, the mix ing of MSW and NHIW is ho mog e nized ob tained by grind ing and the ob tained blend is fed di rectly into stage one of the gasifier. Table 3 shows the re sults. In tab. 3, col umn 4 rep re sents the ra tio be tween the per for mance of the three-stage gasifier and that of two-stage gasifier. The key for ana lys ing the re sult is the dif fer ent amount of in jected ox y gen and the dif fer ence be tween the val ues of OPR. In the two-stage gasifier, the OPR should be not lower than 0.5 be cause oth er wise the reached fi nal tem per a ture is too low. This results in a higher amount of ox y gen nec es sary for reach ing the fi nal tem per a ture of 800 °C. Tak ing into ac count the tem per a ture of 530 °C into stage one (two-stage gasifier) or in stage two (three-stage gasifier), the pre heat ing per formed into three-stage gasifier al lows at in ject ing a lower amount of ox y gen for reach ing this tem per a ture, while the amount of in jected ox y gen into the fi nal stage is the same for both gasifiers. As al ready men tioned, less ox y gen leads to a lower amount of steam and a higher con cen tra tion in hy dro gen in the fi nal syngas with the con se quent higher yield in meth a nol. More over also the amount of CO, by-prod uct of the meth a nol pro duc tion, is higher.
Ta ble 3. Com par i son be tween two-stage and three-stage gasifiers
Tak ing into con sid er ation the neg li gi ble con cen tra tion of the meth ane in syngas, the amount of syngas pro duced is equal in both the case. In fact CO and H 2 are par tially sub sti tuted by an equal num ber of moles of CO 2 and H 2 O.
Re gard ing the im pu ri ties, as sul phur and chlo rine, the re sult of this ther mo dy namic approach is that the three-stage gasifier be haves as the two-stage gasifier, re ported to pro duce a syngas with a level of im pu ri ties be low the lim its of law [2, 3, 11] . This in fers the abil ity of the gasifier at three-stages of pro duc ing a clean syngas di rectly.
This anal y sis makes it pos si ble to as sert that the per for mance of three-stage gasifier is higher than that of a two-stage con fig u ra tion.
Con clu sions
The gasifier pro posed in this pa per con sists of a pro cess that uses a three-stages re actor, namely a pyrolytic stage fol lowed by a gasi fi ca tion and re form ing stage that be haves as that of a two-stage gasifier.
This con fig u ra tion al lows the pro duc tion of a ho mo ge neous and clean syngas. The crit i cal con di tion for the in crease of the hy dro gen con tent in syngas, and then the yield of meth anol, is the tem per a ture of syngas and there fore the amount of ox y gen and steam in jected.
The pro posed gasifier shows better per for mance than a two-stage gasifier be cause of its abil ity of reach ing a lower OPR and a less ox y gen in jec tion, for ob tain ing the same fi nal temper a ture of the syngas. The need of in creas ing the qual ity of syngas and of main tain ing the temper a ture ad e quate for its fur ther uses, re stricts the pos si bil ity of re duc ing OPR be low 0.36.
In pro spec tive, it will be nec es sary to go be yond of the the o ret i cal con sid er ations carried out and to as sess the eco nomic fea si bil ity by a com par a tive cost anal y sis and by a life cycle as sess ment, ver i fy ing also the ac tual operability of the plant and his com pli ance with the best avail able tech niques.
